Manipulations of activity in one retina can profoundly affect binocular connections in the visual cortex. Retinal activity is relayed to the cortex by the dorsal lateral geniculate nucleus (dLGN). We compared the qualities and amount of activity in the dLGN following monocular eyelid closure and monocular retinal inactivation in awake mice. Our findings substantially alter the interpretation of previous studies and define the afferent activity patterns that trigger cortical plasticity.
Manipulations of activity in one retina can profoundly affect binocular connections in the visual cortex. Retinal activity is relayed to the cortex by the dorsal lateral geniculate nucleus (dLGN). We compared the qualities and amount of activity in the dLGN following monocular eyelid closure and monocular retinal inactivation in awake mice. Our findings substantially alter the interpretation of previous studies and define the afferent activity patterns that trigger cortical plasticity.
The quality of sensory experience during early postnatal life has a crucial role in the development of cortical circuitry and function. In the visual system, this role has been investigated by comparing the consequences of temporary monocular eyelid closure and pharmacological inactivation of one retina with those of normal visual experience (NVE). Previous studies have shown that eyelid closure and retinal inactivation have very different effects on visual cortex [1] [2] [3] [4] . A brief period of lid closure causes long-term synaptic depression (LTD) of deprived-eye responsiveness, whereas a comparable period of retinal inactivation has no effect on deprived-eye responsiveness and instead causes an increase in the responses to stimulation of the nondeprived eye (see Supplementary Fig. 1 online) . Understanding how lid closure and retinal inactivation differ from one another and from NVE is of great interest because it may reveal how deprivation triggers LTD and causes visual disability. We examined this in awake mice at the age of maximal sensitivity to visual deprivation.
Bundles of electrodes were inserted in the dLGN (see Supplementary Fig. 2 and Supplementary Methods online) at the age of maximal sensitivity to monocular deprivation (Bpostnatal day 28, P28) 5 . Baseline recordings were made with the contralateral eye viewing and the ipsilateral eye occluded. Activity approximating that during NVE was recorded in response to phase-reversing sinusoidal gratings and natural scene stimuli. Unless otherwise indicated, results using grating stimuli are illustrated, as results from natural scenes did not differ qualitatively. Following the baseline recording session, we briefly anesthetized the mice and carried Note that retinal inactivation increased the probability of observing short ISIs (P o 10 À5 ). Inset, probability density function (y axis, 0-0.14; x axis, 0-20 ms); the curves differ significantly from 2-4 ms (P o 0.01, Wilcoxon sign-rank). out eyelid closure, intraocular tetrodotoxin (TTX) injection or no manipulation (control). After 430 min of recovery from anesthesia, stimuli were presented for a second recording session. Although eyelid closure and retinal inactivation abolished the visually evoked responses, these manipulations had no effect on spontaneous activity, and therefore had no effect on recording session averages of firing rate (Fig. 1a,b) . These findings invalidate the assumptions that visual deprivation simply reduces activity that is afferent to the cortex and that silencing the retina silences the input to cortex.
To determine whether the temporal patterning of spikes was affected by deprivation, we analyzed the distribution of interspike intervals (ISIs) before and after deprivation (Fig. 1c) . Again, we were surprised to find that there was no significant effect of eyelid closure on the distribution of ISIs (P 4 0.08). Even more unexpected, however, was a shift to the left in the ISI distribution after retinal inactivation (P o 0.00001). The shift corresponded to an increased probability of observing ISIs from 2-4 ms, suggesting that dLGN neurons tend to fire in bursts when the retina is inactivated.
Thalamic bursts have been defined in previous studies as an initial period of quiescence (4100 ms) followed by two or more spikes with an ISI o 4 ms 6 . We analyzed burst firing using this definition and found a significant increase following retinal inactivation (P o 0.001; Fig. 2) . In a subset of mice, we confirmed that increased burst firing persisted for the entire duration of retinal inactivation (Z 48 h) and returned to baseline values following TTX wash out (Fig. 2b,d and Supplementary Fig. 3 online) .
Occasionally, we recorded from the ipsilateral core of the dLGN instead of our intended target of the contralateral shell. Notably, even though the retinal input to these neurons had not been changed, we found clear evidence for robust changes in the firing properties of these neurons after inactivation of the contralateral eye (Fig. 2e,f and Supplementary Fig. 4 online) . Bursting following retinal inactivation or eye enucleation has been described previously in the ferret dLGN, but these observations were made in very young animals, before natural eye opening and the developmental onset of sensitivity to monocular deprivation 7 . It has long been assumed that by adolescence, monocular TTX treatment simply reduces activity in the central visual system [1] [2] [3] [4] [8] [9] [10] [11] [12] [13] . The experimental basis for this assumption can be traced to studies in anesthetized cats 1, 8 . We therefore examined the effects of anesthesia and found that retinal inactivation significantly decreased dLGN activity in the anesthetized mouse (P o 0.05; Fig. 2g,h and Supplementary Fig. 5 online). These findings illustrate the importance of using an awake preparation when determining the patterns of activity that drive cortical plasticity 14 .
None of the properties of individual spike trains (firing rate and burst percentage) differentiated NVE and eyelid closure. Therefore, we also investigated the correlative firing between simultaneously recorded neurons ( Fig. 3 and Supplementary Fig. 6 online) . This analysis revealed a significant decrease in simultaneously active dLGN neurons in the eyelid closed condition relative to both NVE and retinal inactivation (P o 0.001). Thus, the manipulation of vision that triggered robust LTD in visual cortex (lid closure; see Supplementary Fig. 1 ) also decorrelated the input to cortex. Monocular retinal inactivation, which does not trigger response depression ( Supplementary Fig. 1 ), actually significantly increased simultaneous firing of neuron pairs (P o 0.01; Fig. 3b ), largely as a consequence of synchronous bursting activity (P o 0.03; Fig. 3c) .
Our results show that the markedly different consequences on visual cortex of deprivation by eyelid closure and retinal inactivation [1] [2] [3] are accounted for by equally marked differences in dLGN activity.
Although neither eyelid closure nor retinal inactivation caused a decrease in the amount of firing, lid closure resulted in a decrease of correlative firing between pairs of simultaneously recorded neurons and retinal inactivation caused an increase in thalamic bursting. These results overturn previous assumptions, provide new insight into the mechanisms that drive ocular dominance plasticity and suggest fruitful avenues for future research (see Supplementary Discussion online).
